For viscoelastic materials the stiffness and loss properties directly depend on not only strain but also strain rate and implicitly depend on temperature via time temperature superposition, which in case of harmonic loading leads to frequency dependent response. For viscoelastic composites in which at least one of the constituent materials is viscoelastic, there is great utility in the ability to predict the effective dynamic mechanical properties as a function of the constituent phase properties and geometry. The presence of different concentrations of nanofillers not only directly impacts the nanocomposite effective properties, but also contributes to the formation of an interphase layer, which also has a very strong influence on the effective properties. The interphase layer usually has properties which are distinct from that of the particle and the matrix phases. In this paper micromechanical methods combined with the correspondence principle of viscoelasticity are used to obtain the effective damping properties of viscoelastic composites. The interphase layer is modeled using the composite cylinder model and the composite sphere model and its effect on the overall stiffness and damping of the composite is investigated.
I. Introduction
One approach to calculate the effective viscoelastic properties of the composites is using the viscoelastic correspondence principle [Brinson, 2008] and the complex modulus of constituent materials to obtain the moduli of the composite. [Chandra, 2002 1 , Hashin, 1970 2 ] In this approach the correspondence principle of viscoelasticity helps to transform the time dependent properties of viscoelastic constituent materials into the frequency domain and finally to obtain the storage modulus and loss factor vs. frequency. Fiber reinforced and particle reinforced composites are two types of composite systems that are commonly investigated. The elastic-viscoelastic correspondence principle converts the time domain relaxation data of the viscoelastic material that is usually obtained by experiments to the frequency domain using the Carson transform [Schwarzl, 1967] which allows elasticity solutions to be applied in the Carson space. The interrelation between various time domain and frequency domain properties of viscoelastic materials is given in [Gross, 1953] . There are various micromechanical methods available to obtain the elastic properties of composites among which are the dilute, self-consistent and the Mori-Tanaka method [Mori, 1973] all of which are summarized in the micromechanics text by [Qu, 2006] . Traditionally, they all make use of the Eshelby equivalent inclusion method [Eshelby, 1957] . These methods when combined with the correspondence principle of viscoelasticity are capable of predicting damping in the composite. [Remillat, 2007] uses the self-consistent method to predict the damping of polymers filled with elastic particles. In the current study both the matrix and particle phases are assumed to be viscoelastic. The Mori-Tanaka method is used to find the effective properties and the correspondence principle of viscoelasticity is used to extend the micromechanics approach for viscoelastic constituents. Different combinations of elastic and viscoelastic materials are considered and the effective loss factor of the composites are obtained. For nanoscale inhomogeneities an interphase layer is formed between the inhomogeneity and the matrix, which has different properties and behaves as a separate phase [Hernández-Pérez, 2010 , Maligno, 2010 , Jiang 2009 ]. The interphase layer also plays an important role in the dynamic properties of the nanocomposite [Paskaramoorthy, 2009 , Qiao, 2009 ]. There are molecular dynamics methods available for predicting the behavior of this interphase layer [Liu, 2008] . Common nanoscale constituent material particles used in nanocomposites are: clay, silica, TiO 2 , Au, ceramics, Magnesium, and CNT. Two major matrix materials are polymers and metals. Compared to metal matrix nanocomposites, polymer matrix nanocomposites possess a higher level of damping according to the viscoelastic behavior of the matrix. Depending on the particle and matrix molecular interactions the interphase layer may have different mechanical properties. In this study we obtained the interpase properties by interpolating between matrix and the reinforcing phase.
II. Spherical inhomogeneities
In this section a two phase composite consisted of spherical particles inside a matrix material is considered and the effective viscoelastic properties including storage modulus and loss factor is calculated as a function of frequency for different particle volume fractions. For more details on the micromechanics methods incorporated here, the reader is referred to [Qu, Cherkaoui, 2006] . The effective linear elastic stiffness tensor of the composite is ( )
In which L represents the stiffness tensors, superscript r represents the rth phase and N is reserved for the matrix phase. The strain concentration tensor relates the average strain inside the rth phase, r ε to the average strain of the whole composite ε according to
In the present work the Mori-Tanaka method is used to estimate the strain concentration tensor for spherical inhomogeneities. According to this method we have 
where, r T is the dilute strain concentration tensor of the rth phase and relates the strain in the rth phase, r ε to the applied strain A ε on the representative volume element and is obtained from
In which I is the identity tensor, 
The Eshelby tensor depends on the geometry of the inhomogeneity particles and the material property of the matrix phase. [Mura, 1925] In this section we investigate different composites made by different compositions of Epoxy and polycarbonate. The relaxation functions for these composites are obtained by performing a relaxation test using the DMA machine. The relaxation tests are done at several distinct temperature and the mastercurve is constructed according to the timetemperature superposition principle. The Relaxation mastercurves are shown in Fig (1 
A Prony series is fit to the experimental data points using the nonlinear least square fitting algorithm [Bates, 1988] to obtain an analytical form of the relaxation function. For these relaxation functions 9-term Prony series are used to fit to the experimental data. The distribution of relaxation coefficients (E i vs. With increasing volume fraction of particles in the matrix phase, the loss factor curves starts to reshape and gradually approach the pure particle curve. But the transition of the loss factor curve is not linear with respect to the particle volume fraction such that the composite loss factor curve remains closer to that of the matrix phase over the majority of the range of volume fractions. As shown in Fig (3c) although the constituent materials of the composite are the same, their effective loss factors have different patterns versus frequency. We explain this phenomenon as follows: Since the matrix is a continuous phase across the domain of the composite it contributes more to storage and dissipation of the strain energy. Therefore even if the volume fractions are the same, the matrix will dominate in the effective properties of the composite. This is why we see that for equal volume fractions of epoxy and polycarbonate there would be different loss factor patterns depending on the roles of the constituent materials.
III. Spherical particles with interphase layer
An interphase layer is always formed around any particle dispersed within a matrix by interaction between particle and matrix molecules. Depending on the molecular interactions between the two materials, the interphase layer may have different properties and thicknesses. This thickness is in the order of several nanometers and is independent of the particle dimensions. For large particles the interphase layer becomes negligible compared to the other phases present in the system, but for nanoparticles the interphase layer thickness is in the order of particle dimensions and becomes significant. 
PC matrix Epoxy matrix
Here we consider a three phase material system shown in Fig (4) which is consisted of a spherical particle covered by interphase layer within the matrix phase. The matrix phase is also modeled by an outer sphere layer with its radius dependent on the particle volume fraction according to:
The interphase layer itself, may be nonuniform. Depending on the particle surface and coating and molecular interactions its properties may change from point to point. Here we consider the case where the interphase layer is radially graded, starting from particle properties at P r r = and ending to matrix properties at M r r = .
In the other words we have ( )
where M could be replaced by any property and β is the interphase exponent which determines how fast the properties are changed from particle to matrix within the interphase. Here we replace M with relaxation function to obtain an estimate of the relaxation function of the interphase layer.
( )
For the matrix phase the relaxation function is available in the form of the Prony series. For the elastic particle (silica glass) the relaxation function is just the constant value of the elastic modulus of the material.
To simplify the calculation we make another assumption and replace the radially graded interphase layer with several layers with stepwise varying properties (Fig (5) ). 
in which n K is the effective bulk modulus over the n th layer.
The bulk relaxation spectra of the constituent layers (particle, interphases, matrix) are in the form of
where n changes over the layer numbers. According to the Carson transform, the complex modulus becomes
Then, using the correspondence principle the complex effective bulk modulus of the composite is obtained from the following equation 
In case of harmonic loadings, by substituting the complex variable s with jω we find the bulk modulus as a function of frequency.
Here we investigate the effective viscoelastic properties of a composite composed of silica glass particles within the epoxy matrix. Figure (7) shows the effective loss factor of the composite vs. frequency for different particle volume fractions and interphase exponents. As shown in Fig (7) by increasing the volume fraction of the particles, the effective composite loss factor decreases. This is due to the fact that the interphase layer is less damped than the matrix and by increasing the particle volume fraction, more interphase would substitute for the matrix which results in a lower overall damping. The interphase exponent β determines how fast the properties in the interphase change from particle to matrix. Hence according to Eq (8), for bigger β the interphase layer behaves more likely to the particle resulting in a lower loss factor.
IV. Cylindrical inhomogeneities with interphase layer
Cylindrical reinforcements are of common inhomogeneities that are used to reinforce the composites. Either fibers or rod-shape particles fall into this category. Again like the spherical particles, these inhomogeneities may also contain a coating or be such small that form a significant interphase layer around them. These are glass fibers with a coating of carbon nanotubes which are used as reinforcing phase in some special composites. It is important to predict the effective viscoelastic properties of these composites in different deformations, i.e., tension or shear in different directions. This enables us to predict different modulus and damping values as a function of the frequency of loading. The effective elastic properties are obtained by solving different boundary value problem on the composite cylinder model. Then, by applying the correspondence principle of viscoelasticity the elastic problem is converted to viscoelastic problem resulting in effective storage and loss moduli. Due to the cylindrical shape of the system, the material will be transversely isotropic resulting in 5 independent material properties. Of these properties we investigate longitudinal Young's modulus and in-plane bulk modulus here. Figure (9 ) shows the material model for three phase composite including fiber, interphase layer and the matrix.
Longitudinal Young's modulus
To find the longitudinal Young's modulus the composite cylinder is subjected to an axial load and the resulting axial deformation is calculated. The effective axial Young's modulus is then obtained by the ratio of the average axial stress to the average induced axial strain. Due to the applied strain, we first assume the following displacement field within the cylinder. We assume that each phase is isotropic, therefore using the isotropic constitutive relations the following nonzero stresses are obtained. where λ and µ are Lame' constants. Assuming perfect bonding between the layers, rr σ and r u will be continuous on the layer boundaries. It is also assumed that no traction is applied at the outer boundary and the stress and strain values are finite. Using these assumptions the unknown parameters in the displacement field are solved and the stress and strain fields within all the layers will be determined. Substituting the parameters into Eq (15) will finally give the longitudinal Young's modulus.
In plane bulk modulus
In this case a radial strain is applied to the cylinder and the radial stress is calculated. The in-plane bulk modulus is then calculated from Again, the same continuity and boundary conditions are applied and the unknown parameters are solved. Finally, Eq (19) gives the effective in-plane bulk modulus. Equations (15) (14) . A sample composite made of aligned glass fibers in an epoxy matrix is considered here. It is assumed that the fibers have a diameter of 7µ which are coated by an interphase layer of 5 µ thick. The interphase layer for this case is assumed to be homogeneous. Interpolating the relaxation functions for fiber and matrix gives that of the interphase layer according to Eq (9) . Figure (10) shows the relaxation functions and relaxation spectra for fiber, interphase and matrix.
Storage modulus and loss factor for both longitudinal elongation and lateral bulk deformation is plotted vs. frequency in Fig (11) . In longitudinal deformation both the storage modulus and the loss factor are affected significantly by the fiber volume fraction. That is because the fibers are aligned in the deformation direction and contribute directly to the load transfer. Hence, their effect is more like the "rule of mixtures" behavior. On the other hand we see that for the in-plane bulk deformation the loss factor does not change at all. That is because in this case most of the deformation occurs in the matrix phase
V. Conclusions
In this study we combined micromechanics with the correspondence principle of viscoelasticity to obtain the effective viscoelastic properties of composites containing spherical or aligned fibers. Our procedure requires the relaxation functions of the constituent materials and gives the storage modulus and the loss factor of the composite as a function of the frequency of loading. We also investigated the presence of the interphase layer on different storage modulus and loss factor curves. The results are shown for different volume fractions of the reinforcement phase. We showed that with an interphase layer with properties between the matrix and the inhomogeneity, the effective loss factor of the composite will decrease by increasing the particle volume fraction.
